ABSTRACT
INTRODUCTION Estimating delays on VLSI interconnections is
i.e., that the voltage response is separable into functions of position and time. An infinite series is obtained, and the response can be approximated by considering as many dominant poles as needed. More recently, Kahng and Muddu [4] also gave a direct time-domain analysis of voltage response: in a finite distributed RC line, the total response was shown to be equal to the infinite sum of diffusion equation solutions, with each diffusion starting at either end of the line. Various cases of source and load impedances either infinity or zero were discussed, e.g., the open-ended line, short-circuit load, and perfectly matched load.
Analysis of the open-ended line case in [4] was incorrect;
[12] has pointed out that the response given is actually that of the semi-infinite line.
In this paper, we make the following contributions *Partially supported by NSF MIP-9257982. 
Iq -z
Initial and boundary conditions for the semi-infinite line are
for all t 2 0 and the initial condition that the line is quiet at t = 0 implies CI = -G C z . For ideal source and step input, the response is IC:
where Rx = X T , and Cx = z c . Later, we will use the transform domain analog of Equation (3), V~( z , s ) = %.e-"-.
, also, for a general input at the source end of the line V A ( S )
. e-xG.
Finite Distributed RC Line
An actual distributed transmission line has finite length, implying a change of impedance at the end of the line. For typical VLSI interconnections, discontinuities at the end of the line are due to capacitive load, and those at the source are due to a resistive driver. These impedance changes cause the voltage on the line to evolve according to proper reflections. The reflection coefficient at the discontinuity between two lines is r = -&&, Z -Z and the transmission coefficient is (1 + r), where 2 1 and 2 ' are the respective characteristic impedances of the lines. The concepts of reflected and transmitted voltages apply at any discontinuity; we use reflection coefficients to calculate voltage propagation in a finite distributed RC line. In a finite RC line (Figure 3 ) , the diffusion equation solution of Equation (3) can be viewed as an znczdent propagation of voltage due to a step input. The Laplace transform of
The total voltage on the line is the summation of the incident diffusion component plus reflected dzfiusion components due to discontinuities at the source (5') and load ( L ) . In other words, the time-domain expression for total voltage is
where v~(z,t) = voltage due to the incident diffusion and ~~, ( z , t ) voltage due to the jth reflection.' The expression for any U R * ( Z , t ) will be of the same form as the expression for the incident voltage z~~( z , t ) , but with a displacement in the position variable and with a different magnitude (according to the reflection coefficients).
In general, U R , ( Z ,~) can be calculated either through convolution of the reflected diffusion taking into account position displacement, with the reflection coefficients or through inverse Laplace transform of V~,(z,s). For example, the voltage at position z (Figure 3 ) due to the first reflection at the load can be calculated by considering the incident wave and shifting in position by h + h -z = 2h -z to obtain 
w T o t ( z , t ) = VI($
+ELO where a n ( t ) and b n ( t ) represent odd and even nth reflection coefficient values. Our technical report [6] shows that both the diffusion equation approach described above and the 2-port transform domain approach can be made to yield the same result. We now consider a finite distributed RC line of length h with capacitive load CL at the end of the line (Figure 3) . This case has been previously treated in [12] via an extension of the classical transform-based analysis; the time-domain response was calculated by considering the first 10 dominant poles. From Equation ( 4 ) , the total response is given by the infinite sum of all voltage components due to reflections at the load and source. It turns out that approximating the total response by summing only up to the first four reflections is quite close to the SPICE-computed response. If necessary (e.g., for larger loads than those we consider), more reflection components can be calculated using numerical techniques.
The following discussion will use the following shorthand quantities to express the time-domain voltage response in a concise form. Let components. In general, the diffusion components need not be evaluated analytically, but instead can be computed by numerical integration methods. Approximating the total response by considering only up to these first four reflections, we have
We call the approximation of Equation (7) 3Note that SPICE uses the URC (UniformDistributed RC) model for simulation of RC lines, i.e., it breaks each RC line into a finite number of RC segments.
CONCLUSIONS
In conclusion, we have proposed new methods which sum reflected diffusion components to approximate the time-domain response for a finite-length distributed RC line. The result ob-
tained for the open-ended line is identical to that derived in the classical transform domain by [5, 121. We have extended the technique for the more realistic cases of a finite RC line with capacitive load, and finite RC line with resistive source and capacitive load. The delay estimates using our new methods (incorporating only three or four reflected diffusion components) are very close to SPICE-computed delays. Our method is simple, and can achieve even higher accuracy in the response by computing additional terms using numerical techniques. Ongoing work with our new technique extends the analysis of RC lines to general interconnection trees by considering both reflection and transmission components.
